Pancreatic thread protein (PTP) is a major exocrine secretory protein that in vitro forms filamentous bundles reminiscent of the paired helical filaments of Alzheimer's disease (AD). We previously described increased PIP immunoreactivity in AD brains and now report high levels in the developing human brain. Using a full-length cloned bovine PTP cDNA and synthetic oligonucleotides corresponding to human PTP cDNA, which is identical to human islet cell regeneration factor, we analyzed the expression of PTP in pancreas and brain. A major 0.9-kb as well as several minor transcripts were identified in human pancreas. In AD brain, the same size transcripts were detected by Northern analysis, primer extension assay, or polymerase chain reaction amplification of cDNAs generated by reverse transcriptase assay. There were significantly higher levels of PIP mRNA in brains with AD compared with aged controls, with increased amounts of 1.2-, 0.6-, and 0.4-kb transcripts by Northern analysis. In situ hybridization localized expression to pyramidal neurons in the cerebral cortex, the same population that contains neurofibrillary tangles and high levels of immunoreactive PIP. These findings suggest that AD is associated with enhanced expression of PTP-related transcripts with intraneuronal accumulation of PTIP-like proteins. (J. Clin. Invest. 1990Invest. . 86:1004Invest. -1013
Introduction
Alzheimer's disease is the most important cause ofdementia in the United States, accounting for 50-60% of the cases (1) . Neurodegeneration in Alzheimer's disease is characterized by the accumulation of neurofibrillary tangles in pyramidal neurons, aberrant neuritic sprouts and neurofibrils in the neuropil, neuritic plaques, amyloid deposition, and granulo-vacuolar degeneration of neurons. The pathogenesis of these lesions is unknown, but the same structural abnormalities occur in brains of all middle-age individuals with Down's syndrome, whether or not they are demented. Recently, we described in brains of patients with Alzheimer's disease or Down's syndrome, striking accumulation of a protein that shares three identical antigenic epitopes with an exocrine pancreatic thread protein (PTP)' (2) . PTP is a secretory protein derived from pancreatic acinar cells, and is found in pancreatic fluid in concentrations of milligrams per milliter (3) (4) (5) . The physiologic function of PTP is not known. To explore the role ofPTP expression in central nervous system disease, we cloned the bovine pancreatic cDNA by screening a pancreatic cDNA library using polyclonal antibody to purified bovine PTP (5) , and performed hybridization studies as well as immunolabeling assays to examine expression in the human brain with respect to Alzheimer's disease and development.
Methods
Cloning ofbovine PTP cDNA. We initially screened a bovine pancreatic cDNA library since the measured concentration ofPTP in pancreatic fluid was -106 times higher than that found in the normal brain or cerebrospinal fluid (CSF), and there is a high homology at the protein level between the human and bovine forms of the pancreatic protein (5) . A bovine pancreatic cDNA library ligated into the EcoRI site of the XZAP cloning vectors (gift from Dr. L. Lang, Washington University School of Medicine, St. Louis, MO) was screened (6) with polyclonal antibody to purified PTP (3, 5) . Cloned inserts were sequenced by the dideoxynucleotide chain termination method (7) using plasmid DNA and T7 polymerase (Pharmacia LKB Biotech, Piscataway, NJ).
PTP expression in bovine and human tissues. Total cellular RNA was extracted by the guanidinium thiocyanate-CsCl method (8) . For Northern analysis, 10-jig samples of total RNA were electrophoresed through a 1.2% denaturing formaldehyde-agarose gel (9) , transferred (10) to Nytran membranes (Schleicher & Schuell, Inc., Keene, NH), and then baked for 2 h at 80'C. Dot-blot hybridization studies were performed using 5 gg of total cellular RNA spotted directly onto dry Nytran membranes in 5 Ml of 50% formamide/5X SSPE. The filters were air-dried and then baked for 2 h at 80'C. Prehybridization was accomplished by equilibrating the filters in buffer containing 50% formamide, 5X SSPE, 5X Denhardt's solution, 0.1% SDS, and 100
1. Abbreviations used in this paper: CSF, cerebrospinal fluid; ICRF, islet cell regeneration factor, M-IRMA, monoclonal immunoradiometric assay; PCR, polymerase chain reaction; PTP, pancreatic thread protein.
,ug/ml denatured salmon sperm DNA at 420C for 2 h. PTP mRNA was detected by hybridizing the filters for [12] [13] [14] [15] [16] Comparison with other cDNA sequences in the Genebank database Release 62.0 disclosed that our cloned bovine PTP cDNA shares a high degree of homology with human and rat islet cell regeneration factor (ICRF) (11) . Moreover, the deduced amino acid sequence of h-ICRF cDNA was found to be identical to the known partial amino acid sequence of human PTP (3) and pancreatic stone protein (4) . We concluded that the h-ICRF cDNA was identical to human PTP cDNA, and therefore synthesized two 105mers (No. 1: 5'---CGA ATT CAT GTT CTG GCA ATA GAG ATC TGC ATC AAC CCA GGT CTC ACG GTC TTC ATT AAA GTA GTA GCA GTA GGA ACT GTA GGC ATT GGA ACC TTC TGG ACA AGT GAT---3'; No. 2: 5'---GCT CAC ACA GTA GCC AGG ATT AAC ACT GCT GCT TGG GGC TCC AAT GCC CCA GGA CTT GTA GGA GAC TAG GGA CCC ACT GCT CCA GTG CCA GCG GCG GTT CTT TTT---3') corresponding to internal sequences of h-ICRF cDNA, in order to achieve more specific hybridization with human RNA, particularly that derived from the CNS, and two 30mers (No. 1: 5'---TAC GCC TTA AGT TCC AAA GAC TGG GGT AGG---3'; No. 2: 5'---GCG CGG ATT TCA TTG CAG CTC AGC ATG GCT---3') for more sensitive demonstration ofPTP-related transcripts by primer extension and polymerase chain reaction (PCR) amplification. Both 30mers contain a single terminal EcoRI restriction site not present in the h-ICRF cDNA, but included to facilitate eventual subcloning.
Primer extension assay and PCR amplification. Primer extension assays (12, 13) were performed using total cellular RNA, 5' end-labeled [y-32P]ATP no. 1 synthetic 30mer as the primer, and Avian reverse transcriptase (Promega Biotec, Madison, WI). The synthesized products were electrophoresed in a 1.2% alkaline-denaturing agarose gel and analyzed by autoradiography. PCR amplification (14) of specific PTP-related cDNAs was accomplished by generating first strand synthesis products using unlabeled no. 1 30mer as the primer, followed by 30 cycles of denaturation (94°C for 1 min), annealing (55°C for 2 min), and extension (72°C for 3 min), followed by a final 10-min extension step-using both no. 1 and no. 2 30mers and Taq 1 polymerase (15) (19, 20) . When using 35S-labeled cRNA probes, additional blocking was accomplished by incubating the sections in PBS containing 10 mM iodoacetamide, 10 mM ethylmaleomide, and 10 mM DTT before acetylation. The sections were hybridized with probe for 16 h at 50°C in buffer containing 50% formamide, 10% polyethylene glycol 8000, 5X SSPE, 5X Denhardt's solution, 10 mM DTT, and 100 gg/ml sheared, denatured salmon sperm DNA.
The slides were washed in 50% formamide/2X SSPE/0.5% Triton-X 100 (four times, 15 min each) at 50'C in a shaking water bath, followed by 2X SSPE, and then 0.5X SSPE. When tissues were hybridized with cRNA probes, they were treated with RNAse (50 ,ug/ml, 370C, 30 min) after the formamide washes. The sections were dehydrated in graded alcohols containing 0.3 M ammonium acetate and then subjected to autoradiography using NTB-2 emulsion (Eastman Kodak Co.).
Immunohistochemistry. PTP immunoreactivity was examined in formalin-fixed, paraffin-embedded sections of postmortem cerebral cortex with underlying white matter from aged neurologically intact individuals (controls), patients with Alzheimer's disease or Down's syndrome plus Alzheimer's disease, infants of different ages, and one neurologically intact 16-yr-old with cystic fibrosis patient, who died from respiratory failure and multiple embolic infarcts. The tissue sections (8 ,m thick) were dewaxed, hydrated, and immunostained with the no. 9 mouse MAb (2) to purified human PTP (3) by the avidinbiotin horseradish peroxidase method (Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer's protocol.
Immunoradiometric assay to measure molecular size of PTP in the CNS: The molecular size of central nervous system PTP in CSF was assayed using a sensitive three-site immunoradiometric assay with MAbs 7 and 10 as captive antibodies on the solid-phase support and 1251-labeled MAb 9 as the tracer (2). Normal pancreatic fluid and neet CSF were analyzed on 15% polyacrylamide gels in the presence of sodium dodecyl sulfate (SDS-PAGE). After electrophoresis, the wet gels were cut into 2-mm fractions using a gel slicer. Proteins were eluted from the gel fractions by shaking 24-72 h at 4°C with 1 ml of PBS containing 1% BSA and 0.2% NaN3. The eluates were analyzed for PTP binding activity by immunoradiometric assay (M-IRMA). Prestained protein molecular weight markers (Bio-Rad Laboratories, Richmond, CA) were used to estimate the apparent molecular weight of the material with PTP immunoreactivity.
Results
27 clones with insert sizes between 0.65 and 0.9 kb were identified from 6 X 104 plaques, two of which (0.65 kb, 3-2 clone and 0.85 kb, 2-1 clone) were used to prepare probes for cloneto-clone Southern hybridization after EcoRI digestion. The 3-2 clone hybridized only with itself and was not studied further. The 2-1 clone, which hybridized with 20 of the other clones, contained a 790-bp sequence corresponding to a single continuous open reading frame beginning with an initiating methionine codon in position 35 and terminating at a stop codon in position 560 (Fig. 1 A) . A noncoding region comprised the remainder of the clone, and was followed by a polyadenylation signal, indicating that the cDNA contained a fulllength transcript. The deduced amino acid sequence yielded a protein with a predicted molecular weight of 19.3 kD and a pl of 5.7. Between residues 38 and 164, the predicted amino acid sequence matched the known partial sequence of the A and B chains of bovine PTP (5) Northern analysis of total cellular RNA using the 2-1 bovine PTP cDNA probe disclosed 0.8-and 0.4-kb transcripts in bovine pancreas (Fig. 2 A) . With prolonged exposure, a faint 0.8-kb hybridization signal was also detected in human pancreas but not human brain (data not shown). However, with reduced stringency of the final posthybridization wash (0.5X SSPE/0. 1% SDS, 500C), a faint 1.2-kb hybridization signal was detected by Northern analysis of RNA from brains with Alzheimer's disease, but not from brains of aged controls (Fig. 3) . Dot-blot hybridization failed to demonstrate PTP transcripts in bovine salivary gland, heart, lung, and kidney, and rat pancreas and brain (Fig. 2 B) .
Comparison with other sequences in GeneBank Release 62.0 disclosed strong homology between the bovine PTP cDNA and amino acid sequences, and human and rat pancreatic ICRF (1 1), including conservation ofthe relative positions of all seven cystine residues among the three proteins. Moreover, the deduced amino acid sequence of the human ICRF proved to be identical with the amino acid sequence ofhuman (Fig. 1 B) , demonstrating that PTP and ICRF are the same molecules. Bovine PTP amino acid sequence shares 58% homology with the human form of the protein (3). This led us to synthesize two pairs of 60mers with overlapping 5' ends which were extended with Klenow to construct lO5mer oligonucleotides corresponding with nucleotides 97-201 and 313-417 ofh-ICRF (1 1) to achieve more specific hybridization with PTP transcripts in human tissues.
Northern analysis using (a-32P]dCTP-labeled lO5mer
probes generated with random oligonucleotide primers disclosed a highly abundant 0.9-kb transcript, as well as less abundant lower molecular weight species in human pancreas (Fig. 2 Ci) . Primer extension assay using a synthetic 30mer oligonucleotide primer complimentary to the distal 3' end (nucleotides 641-660) of the h-ICRF cDNA (1 1), plus a terminal EcoRI restriction site, confirmed the presence of 0.9-and 0.4-kb transcripts (Fig. 2 Cii). Northern analysis using the 1O5mers as probes failed to demonstrate PTP mRNA in human brain. However, dot blot hybridization studies using lO5mer probes did demonstrate PTP mRNA in human brain, but at much lower levels compared with the pancreas. Moreover, the levels of PTP mRNA in six of seven Alzheimer's disease brains were found strikingly higher than in five of six aged controls. The levels of fl-actin mRNA were similar for the two groups (Fig. 2 D) . Northern and RNA dot blot hybridization signals were not detected in bovine tissues using the 105mer oligonucleotide probes. In situ hybridization of human pancreas using 1251I-labeled 105mer probes demonstrated PTP mRNA transcripts in nearly all acinar cells (Fig. 4 A) as well as in pyramidal neurons in Alzheimer's disease brains (Fig. 4 C) , the same population of cells that express increased immunoreactive PTP and contain neurofibrillary tangles, but not in human kidney (Fig. 4 B) or lung. The same findings were obtained using 35S-labeled cRNA antisense probes, and specific hybridization was not observed with 35S-labeled sense cRNA probes, or when the sections were treated with RNAse A (50 Atg/ml at 37°C for 30 min) before to hybridization (data not shown). Given the millionfold lower amounts of PTP immunoreactivity in human brain compared with the pancreas (2), we presumed that the difficulty detecting PTP transcripts in brain by Northern analysis was due to low levels ofits mRNA as well as use of autopsy brain tissue as a source of mRNA. To improve the sensitivity of this assay, we utilized PCR to amplify specific cDNAs generated by reverse transcriptase using the same 30mer (no. 1) employed in the primer extension assay described above. Amplification was accomplished using that 30mer, and another (no. 2) complementary to the 5' end, just proximal to the coding region and including the first two codons as detailed in Methods. The amplified products were separated by electrophoresis and studied by Southern hybridization. Using 3'-end labeled 60mer probes (used to generate the 105 mers) or 105mer probes made by the random priming method, a hybridization signal at 1.2 kb was detected in brain samples from a patient with Alzheimer's disease and an infant with Down's syndrome, but not from an aged control (Fig. 2  E) . Since amplification of genomic DNA could not be ruled out in this experiment, we performed primer extension assays using the 30mer complimentary to the 3' end of the h-ICRF cDNA. In these studies we demonstrated 0.9-and 0.4-kb transcripts in both Alzheimer's disease and control brains, as well as a 1.2-kb transcript in one Alzheimer's disease brain (data not shown). The 1.2-kb amplified fragment which hybridized with the 105mer and 60mer probes was extracted from agarose and labeled by the random oligonucleotide priming. Northern analysis with this probe demonstrated transcripts of 0.9 and 0.4 kb in human pancreas (data not shown). In diseased and normal brains, 1.2-and 0.9-kb transcripts were also present but in very low levels. However, an interesting finding with respect to Alzheimer's disease was the detection of an additional 0.6-kb transcript, and increased expression of both the 0.4-and 0.6-kb mRNAs compared with aged controls (Fig.  2 F) .
RNA dot blot hybridization studies demonstrated higher levels of PTP expression in normal infant brain compared with aged adults. This observation prompted us to examine PTP immunoreactivity during development. Paraffin-embedded sections of brain from infants born prematurely at 24, 27, 29, 32, 34, and 36 wk ofgestation and who died within the perinatal period, full-term infants who died at 1 or 6 mo of age, and a 16-yr-old patient, were simultaneously immunostained (along with tissue from aged controls, patients with Alzheimer's disease and individuals with Down's syndrome) with monoclonal antibodies to human PTP (2) by the avidin-biotin horseradish peroxidase complex method (Vector Laboratories). At 24 wk ofgestation, PTP immunoreactivity was faint and restricted to neuritic processes in future grey matter structures (Fig. 5) . The intensity of PTP immunoreactivity increased progressively as a function of age up to 6 mo. For the most part, labeling was localized within the neuropil, although scattered individual and small aggregates of neurons in the vicinity of focal ischemic damage manifested intense perikaryal immunoreactivity (see below). Cerebral tissue from the 16-yr-old patient overall exhibited minimal PTP immunoreactivity, similar to brains from aged, neuropathologically intact controls (2) . In this case, one finding of interest was the observation associated with a 2-wk-old embolic infarct; the neurons were necrotic and did not express PTP, although the immunoreactivity in the neuropil was higher than that observed in more intact areas of brain. However, it was striking that in the immediately adjacent gyrus most of the neurons contained abundant immunoreactive PTP within the perikarya and neuropil which is comprised of neuritic processes and extracellular space.
In infant brains of all ages, the choroid plexus and ependymal cells lining the ventricular system exhibited intense immunoreactivity for PTP (Fig. 6, top) . The possibility of detecting PTP in CSF was tested by examining postmortem CSF specimens for immunoreactive PTP using a three-site forward sandwich, antigen capture immunoradiometric assay (M-IRMA) (2) . Concentrations in CSF derived from normal adults without CNS disease range from 10 to 30 ng/ml (n = 5). The molecular weight of PTP in CSF was estimated by SDS-PAGE coupled with antigen capture immunoradiometric assay of PTP eluted from the gel slices. In CSF, the PTP-like protein was larger than the one observed in the pancreas (17-20 vs. 141kD, respectively) (Fig. 6, bottom) , but the same as that observed in brain tissue (2) . pression is restricted to the pancreas. The relatively weak signal observed when human tissues were hybridized with the bovine cDNA probe was probably due to phylogenetic diversity in PTP mRNA sequences. V.
-C) ,14., 9* V w*.. In Alzheimer's disease brains, the levels of PTP mRNA were strikingly higher than in aged controls. In situ hybridization helped confirm high-level expression of PTP-related transcripts in the same population of neurons that is diseased and contains neurofibrillary tangles in Alzheimer's disease. Like the pancreas, multiple PTP-related transcripts were observed in brain. The fact that the same size transcripts were present in brain and pancreas suggests the mRNA species are similar in the two tissues. This is corroborated by the finding that in Alzheimer's disease brains, there is a 30-fold excess accumulation of a protein that shares three antigenic epitopes with PTP (2) . However, the larger size protein in brain tissue and CSF suggests that the final translated product may be different from that in the pancreas. The increased levels of a 0.6-kb transcript in AD brains is of interest because this size transcript was not observed in the pancreas or control brains, and may point toward an abnormality, e.g., mutation, associated with Alzheimer's disease. Additional cloning and sequencing data will answer this question. Overexpression of PTP-related transcripts in neurons could account for the striking intraneuronal accumulations of immunoreactive PTP (2) . The mechanism by which overexpression of a gene structurally homologous to an exocrine pancreatic secretory protein contributes to the pathogenesis of AD is unknown.
High-level PTP-like immunoreactivity in fetal and infant brain, combined with the very low or virtually absent immunoreactivity in a 16-yr-old and several normal elderly adult brains suggest that PTP expression in the central nervous system (CNS) is developmentally regulated. However, expression of PTP-like immunoreactivity can be modulated by environmental or extrinsic factors such as injury as suggested by this study. Precisely what function PTP-related transcripts and proteins serve in the CNS is unclear, but the resurgent activity associated with regenerative sprouting (recent infarction), the higher levels of PTP-related mRNAs in developing brains which are undergoing intense restructuring of synapses compared with mature brains which remodel at much lower rates, and the structural identity of the human PTP protein with the deduced amino acid sequence of islet cell regeneration factor suggest that thread proteins, both neural and pancreatic forms may be associated with cell growth. In the mature CNS, PTP expression might be related to neuronal sprouting and regeneration. Sprouting is a major pathological feature in both Alzheimer's disease and Down's syndrome brains, although fundamentally highly aberrant because of its abortive nature and inefficacious connections. From the data obtained thus far, it is not certain whether the regenerative sprouting in Alzheimer's disease causes or is caused by PTP over-expression and accumulation. Further studies will be required to determine its biologic function. Such efforts will be directed towards the role of neural PTP in neuronal growth, regeneration, and sprouting.
